Introduction
Wound closure and reconnection of injured tissues after surgery or trauma remains a challenge due to the complexity of healing. [1] [2] [3] Although various tissue adhesives designed to facilitate wound healing are gaining growing popularity in diverse clinical applications, they present significant inherent limitations such as rejection, infections, toxicity and/or excessive swelling. 4, 5 Furthermore, some of these adhesives are difficult to conform to deep, narrow wounds or wounds of irregular shapes. 6, 7 Consequently, it is highly desired to explore ideal tissue adhesives which employ biocompatible materials for adequate and rapid adhesion, accelerated wound closure and protection against infections. In addition to improving the mechanical properties and adhesive strength by the synthetic polymers, [8] [9] [10] [11] inorganic nanoparticles (NPs) themselves are known as tissue adhesives owing to the so-called "nanobridging effect" between numerous protein chains Dovepress Dovepress 5850 lu et al in the wound. [12] [13] [14] [15] [16] [17] [18] It has been recently reported that several inorganic NPs including silica NPs, magnetic NPs and metal NPs exhibit strong adhesive properties in the wound closure of animal models. [13] [14] [15] [16] [17] [18] This novel strategy is advantageous in terms of cost, efficiency and convenience for clinical translation when compared with traditional polymer-based tissue adhesion methods. 12 However, a few studies have reported the antibacterial effects of these inorganic tissue adhesives. 17 Hence, multifunctional NPs that integrate nanobridge effects and antibacterial properties have been highlighted as a promising tissue adhesive for safe and efficient wound healing.
Among several inorganic nano-adhesives, mesoporous silica NPs (MSNs) have received considerable attention in biomedical applications due to their highly specific surface area, vast surface functionalization capabilities and excellent biocompatibility. [19] [20] [21] [22] [23] [24] [25] On the other hand, silver NPs (Ag NPs) are considered to be an efficient and broad-spectrum antibacterial tissue additive. [26] [27] [28] [29] [30] However, low dispersity and slow silver ion release of Ag NPs limit their practical applications. 29, 30 To surmount these obstacles, Ag NPs can be easily embedded within MSNs or decorated on MSNs to form Ag-containing MSNs which can protect the Ag NPs from aggregation and release Ag ions in a controlled manner. 27, [31] [32] [33] Moreover, direct incorporation of a disulfide bond into the framework of MSNs could facilitate their clinical translation as compared to traditional MSNs because of the fast and controllable biodegradation behavior. 34, 35 With these findings in mind, we hypothesized that disulfide bond-bridged Ag-MSNs may be employed as an effective and safe tissue adhesive with antibacterial and degradable properties for wound closure and healing, which has never been reported yet.
In the present study, we report on the facile synthesis of Ag-MSNs by controlled reduction of ultra-small nanosilvers onto both the surface and the large pore of biodegradable MSNs. We endeavor to examine the tissue adhesive property, antibacterial effect, biodegradability and biocompatibility of Ag-MSNs, as well as the subsequent treatment effects of Ag-MSNs in a rat wound closure model (Scheme 1). Given the combination of MSN-based tissue adhesive properties and decorated Ag NPs-induced bacterial killing and prevention, the antibacterial tissue adhesive Ag-MSNs might become the next generation of multifunctional tissue nano-adhesives for fast, safe and efficient wound healing.
Materials and methods Materials
MTT, DMEM and FBS were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Luria-Bertani (LB) broth
synthesis of MsNs and ag-MsNs
The amino-modified MSNs of a small size were prepared via a modified one-pot method. 33 In a typical sol-gel reaction, 1.0 g of hexadecyltrimethylammonium bromide was dissolved in 100 mL of triethanolamine solution (0.5% w/w) and stirred at 80°C for 1 hour. Then, a mixture of 0.6 g of tetraethyl orthosilicate, 0.8 g of bis(3-triethoxysilyl propyl) disulfide and 0.1 g of 3-aminopropyltriethoxysilane was quickly added into the above solution and stirred vigorously for another 4 hours at the same temperature. The product was collected and washed with ethanol three times for surfactant removal. The as-prepared MSNs-NH 2 were dissolved in 95 mL of ethanol and HCl (37%, 5 mL) and stirred at 80°C for 12 hours. The final products were thoroughly washed with ethanol and deionized water three times.
Ag NPs-decorated MSNs were prepared according to our previously reported ultrasonication-assisted method. 23, 33 In brief, 100 mg of MSNs-NH 2 was dissolved in 45 mL of deionized water under ultrasonic treatment for 1 hour. Then, the silver ammonia complex cation [Ag(NH 3 ) 2 ]
+ was prepared by the mixture of 4.5 mL of 5% AgNO 3 solution and 0.5 mL of NH 4 OH, and the silver ammonia complex cation mixture was added into the above solution. The mixture was reacted in the dark for 30 minutes under ultrasonication. The Ag-MSNs were collected and washed with deionized water three times.
To obtain negatively charged MSNs and Ag-MSNs, 100 mg of MSNs-NH 2 or Ag-MSNs was dispersed into 500 mL of N,N-dimethylformamide solution containing 2 wt% succinic anhydride and 1 mL of dimethyl sulfoxide. Then, the mixture was stirred at room temperature overnight. After that, the carboxylate-functionalized NPs were collected and washed with deionized water three times.
characterization
Transmission electron microscopy (TEM) images were captured through a JEM-2100F transmission electron microscope (JEOL, Tokyo, Japan). Energy-dispersive X-ray spectroscopy (EDX) was also performed using a JEM-2100F EDX instrument. X-ray powder diffraction investigation was carried out on a Rigaku X-ray diffractometer using Cu Kα radiation. The Barrette-Emmett-Teller (BET) method was utilized to calculate the BET surface areas, total pore volume and Barre-Joyner-Halenda (BJH) pore diameter through Micromeritics ASAP2010 surface area analyzer. The size distribution and zeta potential were measured by Zetasizer (Nano ZS; Malvern Instruments, Malvern, UK).
adhesion strength test
The gelatin hydrogel was selected as a traditional model to test the adhesion to biological tissue. 17 The hydrogel was prepared by dissolving gelatin into deionized water at a concentration of 23% (wt%) and spread on a glass plate at 4°C overnight. The gelatin films were cut into several pieces with the size of 30×5×3 mm 3 before use. Two films were attached with an overlap length of 10 mm and pressed for 30 seconds after the addition of 10 µL of nano-adhesive solution (20% w/w) containing the obtained MSNs or Ag-MSNs. Then, the tensile tests were performed on an Instron 5543 Tensile Meter (Instron Testing Systems, Norwood, MA, USA) with a load of 10 N and speed of 10 mm/min. At least six samples were examined for each group and the failure forces were calculated. Fresh cow liver was chosen as the tissue model for adhesion test. After cutting into two slices with desirable dimension of 30×10×3 mm 3 , their surfaces were dried using tissue paper. Then, a small drop of 10 µL of nano-adhesive solution (20% w/w) was added onto the liver surface and pressed for 30 seconds before testing.
antibacterial assay
Standard strains of Staphylococcus aureus and Escherichia coli were obtained from the archival collection of Jilin University and cultivated at 37°C in LB medium. Grampositive bacteria S. aureus and Gram-negative bacteria E. coli were diluted with LB medium for further experiments. To measure the dose-dependent antibacterial kinetics, AgMSNs of different concentrations (50, 25, 12.5, 6.25, 3.125 and 0 µg/mL) were separately added into tubes containing 5 mL of bacterial cultures and shaken at 200 rpm. At different time intervals (0, 1, 2, 3, 4, 5, 6, 9, 12, 18 and 24 hours), 100 µL of medium was collected to detect the OD value at 600 nm. The minimum inhibitory concentration (MIC) was obtained from the antibacterial kinetics.
cytotoxicity assessment
Human skin keratinocytes (HaCaT) and mouse embryonic fibroblasts (NIH-3T3) were purchased from ATCC. Cells were cultured and maintained in DMEM media supplemented with 
Degradation study
To mimic the physiological conditions in the body, degradation of MSNs or Ag-MSNs (100 µg/mL) was evaluated in simulated body fluid (SBF) containing 10 mM glutathione (GSH) at 37°C in a constant temperature shaker bath. At predetermined times points (0, 6, 12, 24, 48, 72 and 96 hours), samples were collected and centrifuged at 10,000 rpm for 10 minutes. The supernatant was collected and the content of Si was analyzed via inductively coupled plasma optical emission spectrometry (ICP-OES); the degradation rate was then calculated. In addition, TEM images were taken at 48 hours of incubation.
In vivo wound healing and safety evaluation
Male Wistar rats (210-230 g) were purchased from the Experimental Animal Center of Jilin University and were maintained in a conventional animal housing facility throughout the experiment. All animal experimental protocols were approved by the Ethics Committee for the Use of Experimental Animals of Jilin University. The experimental manipulation of mice was conducted in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and the approval of the Scientific Investigation Board of Science and Technology of Jilin Province (Changchun, China). Two parallel cutaneous incisions 1 cm in length were made on the abdomen of the rat under anesthesia. For the left wounds, closure sutures were made according to the clinical gold standard. For the right wounds, 10 µL of MSN or Ag-MSN solution (20% w/w) was added to the wound by a pipette. The wounds were pressed at the edges from both sides by fingers for 30 seconds and the excessive nano-adhesive was removed. The rats were divided to three groups (n=6) including control, MSNs and Ag-MSNs (right wound), and every rat in each group had a sutured positive control wound (left wound). Macroscopic images of the wound site of each rat were taken at 1, 3 and 5 days, and the wound widths were measured.
After 5 days of treatment, all the rats were sacrificed after their blood samples were collected by heart puncture. The hematological parameters were examined with a hemocytometer (Coulter STKS; Coulter Corp., Hialeah, FL, USA). Serum samples were separated after overnight coagulation of the blood, and the biochemical parameters were analyzed automatically with the Coulter LX2D (Beckman, Brea, CA, USA). The main organs (heart, liver, spleen, lungs and kidneys) and explanted tissues surrounding the skin wound were collected, washed and fixed. The paraffin sections were stained with H&E or Masson's trichrome. All images were examined under a digital microscope. Pathological analyses were conducted on these organs by two independent investigators blinded to the group assignment. The inflammation levels were scored referring 0 to no inflammatory cells, 1 to scattered inflammatory cell infiltrate within the stroma without lymphoid nodules, 2 to nonconfluent lymphoid nodules and 3 to large inflammatory areas with confluence of infiltrate. The amounts of collagen were scored as referring 0 to no collagen, 1 to minor collagen level, 2 to moderate collagen level and 3 to large amount of collagen.
statistical analysis
The experimental results were analyzed with SPSS19.0 statistical software. Data are presented as the mean±SD. Statistical significance (P,0.05) was evaluated using Student's t-test when only two groups were compared. If more than two groups were compared, evaluation of significance was performed using one-way ANOVA, followed by Bonferroni's post hoc test.
ethics statement
All animals received care in compliance with the guidelines outlined in the Guide for the Care and Use of Laboratory. Animals and the procedures were approved by the Jilin University of China Animal Care and Use Committee.
Results and discussion
The amino-functionalized, disulfide bond-bridged MSNs with a smaller size of 52.3±5.2 nm were synthesized through a modified sol-gel reaction ( Figure 1A and Figure S1 ). After MSNs-NH 2 were generated, small Ag NPs were grown on the silica surface through a facile ultrasonication-assisted method. 33, 36 TEM images show Ag-MSNs with an overall size of 61.8±7.3 nm decorated with Ag NPs of 3.3±0.8 nm ( Figure 1B and Figure S1 ). Ag-MSNs are stable in water and show a lower polydispersity index (0.196), with a negative surface charge (-28.5±3.4 mV) due to their carboxyl group (Table S1 ). These findings indicate that the well-synthesized Ag-MSNs protect against the aggregation of Ag NPs and may inhibit bacterial growth due to the release of silver ions. MSNs exhibited similar physicochemical properties to 
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antibacterial and biodegradable tissue nano-adhesives for rapid those of the Ag-MSNs, which allows the comparison of the biological properties of the two nano-adhesives. As shown in Figure 1C , the five classic diffraction peaks at the 2θ values of 38°, 44°, 64°, 77° and 82° correspond to the (111, 200, 220, 311) and (222) crystallographic planes of silver, while a broad peak in the range from 15° to 30° might be attributed to the amorphous silica. EDX spectroscopy analysis further demonstrated the presence of silver, as well as the coexistence of silicon, oxygen and carbon ( Figure 1D ). In addition, both the MSNs and Ag-MSNs exhibited a type IV isotherm ( Figure S2 ). The BET surface area, total pore volume and BJH pore size of the Ag-MSNs were determined to be 506.8 m (Table S1 ). As expected, the mesoporous parameters of Ag-MSNs were lower than those of MSNs (623.2 m 2 /g, 1.35 cm 3 /g and 6.6 nm), which suggests the presence of Ag NPs in the interior and surface of the MSNs.
As a denatured form of collagen, gelatin is a natural component in human skin, which has been widely used in tissue engineering. 37 Hence, gelatin hydrogels were selected as a model material to test the adhesive properties of the MSNs and Ag-MSNs. In the adhesion strength test, two gelatin ribbons (30×5×3 mm 3 , length × width × thickness) were adhered together by gently pressing for 30 seconds after spreading 15 µL of the MSN or Ag-MSN solution (20% w/w). As shown in Figure 2A , their shape indicates a rupture event at the peak of each curve, where the failure forces built up until the gelatin ribbons ripped at the glued site. To further account for the large deviation of failure forces, six samples were measured for each type of nano-adhesives. As shown in Figure 2B , the joint of the gelatin-gelatin film yields a failure force of 20 mN without the addition of an NP solution. The failure force with the application of MSNs and Ag-MSNs was significantly increased by 6-to 8-fold and was 120 mN and 160 mN, respectively. It is worth noting that silver NPs decoration could significantly increase the adhesion strength of the MSNs, which might be attributed to specific interactions such as hydrogen bonding from the rough surface that strengthen the adsorption of NPs to the gel surface. 13 The adhesive function of nano-adhesives was further confirmed by testing the attachment of two cow liver slices. As shown in Figure 2C -E, Ag-MSNs exhibited higher maximum adhesive force than MSNs, indicating that nanosilver decoration has a positive influence on tissue adhesive function. It is worth to note that the adhesion force of both MSNs and Ag-MSNs was concentration dependent, which increased with the increase of nano-adhesive concentration ( Figure S3 ). We speculated that the enriched carboxyl groups on the nano-adhesive's surface might play a crucial role in facilitating the nanobridging effect. 13 Future studies are needed to elucidate the mechanism of the effect of surface modification on adhesion. Collectively, these in vitro adhesion findings indicate that both MSNs and Ag-MSNs might be suitable nano-adhesives for wound closure.
Gram-positive bacteria S. aureus and Gram-negative bacteria E. coli were employed to investigate the antibacterial activity of the nano-adhesives because they are well-known candidates involved in wound infections. 38 We first evaluated the bacterial growth kinetics of S. aureus and E. coli in liquid LB media with Ag-MSNs by measuring the OD 600 after culture from 1 to 24 hours. As shown in Figure 3 , initial growth of both S. aureus and E. coli was time-dependently delayed and dose-dependably reduced with increasing concentrations of Ag-MSNs. Importantly, the corresponding MIC of Ag-MSNs for E. coli was 12.5 µg/mL, which was lower than that for S. aureus (25 µg/mL). These findings are mainly because Gram-positive bacteria with thicker and more compact walls are more stable than Gram-negative bacteria. 39 It was reasonable to reveal that E. coli was more sensitive to Ag-MSNs than S. aureus, which also aligned with our previous work. 33 The excellent antibacterial activity of Ag-MSNs against both Gram-negative bacteria E. coli and Gram-positive bacteria S. aureus might benefit from the protection of Ag NPs aggregation, as well as the fast release of bactericidal silver ions. 40 Since silica NPs are highly biocompatible and approved by the US Food and Drug Administration, one of the major hurdles for intracorporeal use of Ag-MSNs is its chronic toxicity and the inflammatory effects induced by the released silver ions. 41, 42 However, silver-containing wound dressings are frequently used as effective and safe agents for treating wounds that are clinically infected or at risk of infection. 43 Our previous reports have further shown that Ag-MSNs are capable of reducing the release of silver ions, resulting in lower toxicity. 23, 33 To ensure the biocompatibility of nanoadhesives, their cytotoxicity was determined on human skin keratinocytes (HaCaT) and mouse embryonic fibroblasts (NIH-3T3) via the MTT assay. As shown in Figure 4A and B, the viability of both HaCaT and NIH-3T3 cells incubated with Ag-MSNs decreased in a dose-dependent manner, while those cells incubated with MSNs exhibited no cytotoxicity even when exposed to concentrations up to 100 µg/mL. It is worth noting that Ag-MSNs at 12.5 µg/mL do not affect cell viability, indicating their good biocompatibility at their MIC. We attributed this phenomenon to the slow-release behavior Ag-MSNs in the neutral microenvironment of normal cells, according to our previously reported data. 33 Since the clinical application of traditional MSNs was restricted by their lower and uncontrolled degradation rate, the design of MSNs with biodegradable behavior was highly desired. 44, 45 It is well known that disulfide bond can be specifically sensitive to the reducing microenvironment intracellularly, which endows fast degradability of disulfide-bridged MSNs. 34, 35 The degradation profile of two nano-adhesives was studied in SBF containing 10 mM GSH to mimic intracellular and extracellular microenvironment. As shown in Figure 4C , both MSNs and Ag-MSNs showed overall faster and time-dependent degradation; they began to degrade into fragments in 48 hours ( Figure 4D and E) . In contrast, nano-adhesives exhibited slower degradation rate in pure SBF, further identifying their GSH-accelerating degradation behavior ex vitro and in vitro. 35 Moreover, Ag-MSNs showed similar manner of degradation as MSNs, indicating that nanosilver decoration has negligible influence on its degradability. It should be mentioned that this degradation test was done under static conditions, while in vivo settings were dynamic under the balance between oxidized (GSSG) and reduced GSH. 46 Therefore, we indicate that the degradation of nano-adhesives in vivo might be higher than that in vitro due to the constant concentration of GSH.
Aside from the in vitro adhesion, antibacterial, toxicity and degradation tests, an in vivo experiment is indispensable for evaluating the real wound healing effect of potential nanoadhesives. Two parallel full-thickness cutaneous incisions 1 cm in length were made on the abdominal skin of the rat. For the left wounds, closure sutures were made to mimic the clinical gold standard. In comparison, 10 µL of MSN or Ag-MSN solution (20% w/w) was applied to the right wound using pipettes ( Figure S4 ). We pressed both sides of the wound for 30 seconds, and the excess solution was removed with a compress. As shown in Figure 5A , the wound areas reduced progressively, and less wound leakages or infections were observed after bridging with the two nano-adhesives. At the end of the treatment, the wounds were esthetically healed in both the MSN and Ag-MSN solution-treated groups, 
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antibacterial and biodegradable tissue nano-adhesives for rapid whereas this did not occur for the groups treated with water and closure sutures. Importantly, faster reduction in wound width was observed in Ag-MSN group rather than the MSN group, indicating its better performance of wound healing ( Figure 5B ). Skin tissues possess similar properties to hydrogels, such as flexibility, an interconnected porous structure and abundant water content. 47 Our nano-adhesive could absorb numerous protein chains in the extracellular matrix of the skin tissue through hydrogen bonding, which acted as nanobridges between the network structures. 13 Furthermore, the nano-adhesive is easier and more effective than suturing, because the removal of sutures requires trained personnel and operation time and adds to local trauma that delays wound healing. 48 The histopathologic changes on day 5 are shown in Figure 5C . As expected, most of the wound edges were bonded correctly in the nanobridging groups, but not in the untreated group, while new connective matrix formed by granulation tissue was observed in the suturing group. It is worth noting that Ag-MSNs exhibited better performance in esthetic wound healing than MSNs. Substantial migration of inflammatory cells was observed in the suture group, while less inflammatory cell infiltration was observed in the nano-adhesive group ( Figure 6A and C) . It is worth noting that wound closure treated with Ag-MSNs revealed less pathologic inflammation than that treated with the MSNs, which might be attributed to the above-demonstrated antibacterial activity. Furthermore, Masson's trichrome staining suggested decreased collagen distribution with either MSN or Ag-MSN treatment compared to suturing at day 5 ( Figure 6B and D) , indicating a faster wound healing process mediated through nano-adhesives. Taken together, Ag-MSNs achieved easier and esthetic wound closure in vivo with less inflammation.
In addition to the favorable biodegradation behavior of nano-adhesives, the in vivo biocompatibility was evaluated comprehensively through body weight, hematological and biochemical examinations, as well as organ histopathology analyzed after application of MSNs or Ag-MSNs for 5 days in the above rat model. As shown in Figure S5 , no remarkable changes were observed in the body weight of any of the groups. We selected red blood cells, white blood cells, platelet, lymphocyte, monocyte, mean corpuscular hemoglobin, mean corpuscular volume and hemoglobin as the (Table S2) . We further selected AST, ALT, alkaline phosphatase, albumin, blood urea nitrogen, creatinine, cholesterol and triglyceride as the biochemical parameters to monitor the functions of the vital organs after treatment with nano-adhesives. As expected, no obvious abnormalities were observed in the rats treated with MSNs or Ag-MSNs compared with the control groups (Table S3 ). In addition, histological examination of the heart, liver, spleen, lung and kidney of the rats was also conducted in this study. As shown in Figure 7 , the microscopic examination of the all these tissues showed no remarkable differences between the treatment and control groups. Although all these findings implicated that both MSNs and Ag-MSNs did not exhibit any abnormal effects on all tested rats, a comprehensive study on the biodistribution and long-term toxicity of these nano-adhesives is still needed to fully understand their nano-bio interactions. Although ZnO NPs have been reported as antimicrobial tissue adhesive that exhibited successful wound closure and esthetic wound healing, 17 the direct biocompatibility data of ZnO NP in vivo was not investigated. Compared to ZnO NPs, the Ag-MSNs in our study showed similar rapid wound closure and esthetic wound healing properties in vitro and in vivo. Importantly, we have systematically demonstrated that Ag-MSNs have good biocompatibility due to their biodegradable behavior. In addition, MSNs can be considered as a nanocarrier to load and controlled release drug to accelerate wound healing.
Conclusion
In summary, we designed and fabricated biodegradable and biocompatible nanosilver-decorated mesoporous silica NPs (Ag-MSNs) integrating tissue adhesive properties and antibacterial activity. As designed, the Ag-MSNs solution possessed a higher failure force between two gelatin films or liver slices than MSNs. Moreover, this nano-adhesive exhibited excellent antibacterial activity against both Gramnegative bacteria, E. coli, and Gram-positive bacteria, S. aureus. Importantly, Ag-MSNs achieved easy and esthetic wound closure in a rat model without inducing any infections or side effects. Given the needs of various tissue adhesives for clinical use, our results give additional insights into the biomedical applications of designed multifunctional inorganic NPs, which can be employed as nano-adhesives for efficient and safe wound closure and esthetic wound healing.
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Supplementary materials
Figure S1 TeM images of (A) MsNs and (B) ag-MsNs. seM images of (C) MsNs and (D) ag-MsNs. Abbreviations: ag-MsNs, nanosilver-decorated mesoporous silica nanoparticles; MsNs, mesoporous silica nanoparticles; seM, scanning electron microscope; TeM, transmission electron microscope. 
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